BACKGROUND: Aluminum (Al) is the most abundant and ubiquitous metal in the environment. The main route of human exposure to Al is through food and water intake. Although human exposure to Al is common, the influence of Al on the gastrointestinal tract remains poorly understood. OBJECTIVES: We aimed to further understand the toxic effect of Al and to elucidate the underlying cellular mechanisms in the intestinal barrier. METHODS: The human intestinal epithelial cell line HT-29 and C57BL6 mice were exposed to AlCl 3 at 0-16 mM (1-24 h) and 5-50 mg=kg body weight (13 weeks), respectively. In cell culture experiments, intracellular oxidative stress, inflammatory protein and gene expression, and intestinal epithelial permeability were measured. In animal studies, histological examination, gene expression, and myeloperoxidase (MPO) activity assays were conducted. RESULTS: Cellular oxidative stress level (superoxide production) in AlCl 3 -treated cells (4 mM, 3 h) was approximately 38-fold higher than that of the control. Both protein and mRNA expression of tight junction (TJ) components (occludin and claudin-1) in AlCl 3 -treated cells (1-4 mM, 24 h) was significantly lower than that of the control. Transepithelial electrical resistance (TEER) decreased up to 67% in AlCl 3 -treated cells (2 mM, 24 h) compared with that of the control, which decreased approximately 7%. Al activated extracellular signal-regulated kinase 1/2 and nuclear factor-kappa B (NF-jB), resulting in mRNA expression of matrix metalloproteinase-9, myosin light-chain kinase, and inflammatory cytokines [tumor necrosis factor alpha (TNF-a), interleukin-1b (IL-1b), and IL-6] in HT-29 cells. Moreover, oral administration of AlCl 3 to mice induced pathological alteration, MPO activation, and inflammatory cytokine (TNF-a, IL-1b, and IL-6) production in the colon. CONCLUSION: Al induced epithelial barrier dysfunction and inflammation via generation of oxidative stress, down-regulation of the TJ proteins, and production of inflammatory cytokines in HT-29 cells. In addition, Al induced toxicity in the colon by increasing the levels of inflammatory cytokines and MPO activity and induced histological damage in a mouse model. Our data suggest that Al may be a potential risk factor for human intestinal diseases. https://doi.
Introduction
Aluminum (Al) is the most abundant and ubiquitous metal element in the environment (Crisponi et al. 2012) . Human exposure to Al is mostly through dietary intake and beverages. Aluminum compounds are widely used in food additives, antacids, pharmaceuticals, food packaging, and cooking utensils. In particular, Al salts (e.g., aluminum chloride, aluminum nitrate, aluminum sulfate) used in the water treatment process to reduce suspended particle, organic matter, and bacteria levels may increase Al concentrations in drinking water (Miller et al. 1984) . The joint Food and Agriculture Organization of the United Nations (FAO)/World Health Organization (WHO) Expert Committee on Food Additives (JECFA) established the provisional tolerable weekly intake (PTWI) of 2 mg Al=kg body weight (BW) based on toxicological and bioavailability data (WHO/FAO 2011) . Consumption levels of Al exceeding those recommended by the JECFA might be a risk factor for human health. For instance, excessive intake of Al can accumulate in tissues, and the bioaccumulation of Al can cause toxic responses in various tissues, including the brain, kidney, bone, and nervous system (Becaria et al. 2002) . Several studies have shown that Al has been implicated in the progression of Alzheimer's disease (AD), possibly through the promotion of amyloid plaques (Bhattacharjee et al. 2014) . Specifically, Praticò et al. (2002) showed that mice overexpressing the human amyloid precursor protein and fed dietary aluminum had more amyloid plaques than those who were not fed aluminum (Praticò et al. 2002) . In addition, Yumoto et al. (2009) reported Al was detected in amyloid fiber in the senile plaques obtained from both the hippocampus and the temporal lobe in patients with AD (Yumoto et al. 2009 ). Furthermore, it was reported that male rats administered intraperitoneal Al three times per week for 3 weeks accumulated Al in the kidney, which is one of the main routes of elimination of Al from the body, exhibited signs of renal tubular cell deterioration and had higher lipid peroxidation, suggesting oxidative damage to cellular proteins and lipids (Mahieu et al. 2003) .
The intestinal epithelium is in direct contact with different substances present in the diet and plays a crucial role as a barrier against the permeation of hazardous substances (Odenwald and Turner 2017) . This intestinal barrier function relies on mucosal structural components (e.g., a hydrated gel composed of mucins) and intercellular junctions [e.g., tight junction (TJ), and adherens junction] (Kumar et al. 2018; Marchiando et al. 2010) . The TJs are membrane domains with multi-protein complexes composed of integral transmembrane proteins and are important for determining paracellular permeability. The integral transmembrane proteins (i.e., occludins, claudins, and junctional adhesion molecules) regulate paracellular permeability by forming selectively permeable seals (Lee 2015) . Thus, disruption of TJs and the subsequent increase in TJ permeability resulted in intestinal epithelial barrier dysfunction, limiting its functionality and potential consequences of intestinal diseases, including inflammatory bowel disease (IBD) and Crohn's disease (Schmitz et al. 1999; Schulzke et al. 2009 ). Furthermore, a higher expression of pro-inflammatory cytokines was frequently observed in 42 patients with IBD compared with 10 healthy controls (Singh et al. 2016) . In particular, the proinflammatory cytokines tumor necrosis factor alpha (TNF-a; Ma et al. 2005) and interleukin 1 beta (IL-1b; Al-Sadi et al. 2008) increased TJ permeability via up-regulation of myosin light-chain
Cell Cultures and Treatments
The human colorectal adenocarcinoma cell line HT-29 was obtained from the American Type Culture Collection (ATCC). In our study, cells from passages 4 to 10 were used in all experiments. The cells were maintained in RPMI 1640 medium supplemented with antibiotics and 10% FBS at 37°C in a humidified atmosphere containing 5% carbon dioxide (CO 2 ). The medium was changed every 2-3 d. The cells were digested using 0:05% trypsin=0:53 mM ethylenediaminetetraacetic acid (EDTA) solution when they reached approximately 80% confluency in 10-cm dishes. The cells were seeded on 10-cm dishes, 6-well plates, 24-well inserts, or 96-well plates according to each assay and then grown to approximately 80% confluency and synchronized for 15 h in medium containing 1% FBS. After synchronization, the cells were treated with aluminum chloride (AlCl 3 ; 1-16 mM) for 1-24 h. In the control group, the cells were treated with PBS. The concentration range was chosen according to previous studies (Pineton de Chambrun et al. 2014; Yu et al. 2016 ).
Cell Viability Assay
Cell viability was measured using the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Amresco; 0793) assay. The MTT assay was performed as described previously (Van Meerloo et al. 2011) . Briefly, the cells were incubated in a 96well plate with AlCl 3 (1, 2, 4, 8, and 16 mM) or PBS (control) for 24 h (n = 4 wells=group). The cells were then incubated for 3 h in medium containing 10 lL of MTT solution (5 mg=mL in PBS). After removing the medium, acidic isopropanol was added to dissolve the formazan crystal. The absorbance of the sample was measured at 570 and 630 nm using a spectrophotometer (BioTek Instruments), and then the 630-nm optical density (OD) background value was subtracted from 570-nm OD value. Cell viability (percentage) was calculated as follows: ðtreated well ODÞ= ðcontrol well ODÞ × 100.
Measurement of Intestinal Epithelial Permeability
Transepithelial electrical resistance (TEER) was measured on HT-29 cells to determine the permeability of TJs using the Millicell ERS-2 Voltohmmeter (Millipore). The cells (3:2 × 10 4 cells=well) were seeded in a 24-well plate with polyethylene terephthalate hanging cell culture with 0:4-mm pores (Millipore; MCHT24H48). The growth medium was changed every 3 d. After 15 d, cell monolayers were pretreated with or without N-acetylcysteine (NAC; 5 mM, 1 h) or PD (20 lM, 1 h) (n = 3 wells=group). After these pretreatments, the initial TEER values were measured. Then, the cell monolayers were treated with AlCl 3 (2 mM) for up to 24 h, followed by the determination of TEER values at 6 h intervals. The TEER values at each time point were normalized to the initial value.
Determination of mRNA Level of Tight Junction Proteins, Pro-Inflammatory Cytokines, and Signaling Molecules by Real-Time Polymerase Chain Reaction
To analyze gene expression including the TJ proteins, proinflammatory cytokines, matrix metallopeptidase 9 (MMP-9), and MLCK, total RNA was extracted from the cells (n = 3 wells=group) and mouse colon sections (n = 6-8 colon sections=group) using TRIzol reagent (Ambion; 15596018). Reverse transcription was carried out using the TOPscript RT DryMIX kit (Enzynomics; RT200) according to the manufacturer's protocol. The level of mRNA expression was determined by real-time polymerase chain reaction (RT-PCR) using the Real-Time PCR System (Thermo Fisher Scientific) and 2X Real-Time PCR mix (SolGent; SRH81-M40h). The thermal cycling conditions were as follows: initially at 95°C for 15 min, followed by 40 cycles at 95°C for 20 s and 58°C for 40 s, and then at 60°C for 30 s. The expression of mRNA was relatively quantified using the DDCq method with the level of GAPDH mRNA used as the housekeeping gene. Primers were obtained from BIONICS and designed as shown in Table 1 .
Determination of the Expression of Tight Junction Proteins and Signaling Molecules by Western Blotting
To determine the effect of Al on the expression of TJ proteins and cellular signaling pathway, Western blotting was performed. HT-29 cells were grown until 80% confluency in a 6-well plate and then treated with AlCl 3 (0-4 mM; in PBS) for 1-24 h with or without pretreatment with NAC [5 mM; in deionized water (DW)], PD [20 lM; in dimethyl sulfoxide (DMSO)], or Bay (15 lM; in DMSO) for 1 h (n = 3 wells=group). The cells were treated with PBS, DW, or DMSO as a control. After treatments, the cells were washed with cold PBS and then lysed in radioimmunoprecipitation assay buffer containing 50 mM Tris (pH 8.0), 150 mM sodium chloride (NaCl), 1% Triton™ X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and a protease inhibitor mixture (2 lg=mL aprotinin, 10 lg=mL leupeptin, 1 lg=mL pepstatin A, 1 mM phenylmethane sulfonyl fluoride (PMSF), 5 mM EDTA, 1 mM ethylene glycol-bis(2-aminoethylether)-N,N,N 0 ,N 0 -tetraacetic acid (EGTA), 10 mM sodium fluoride, and 1 mM sodium orthovanadate). Cell lysates were collected by scraping and then were centrifuged at 4°C (18,000 × g, 15 min) to remove cell debris. The protein concentration in collected samples was determined using the BCA protein assay kit. Protein samples were separated by SDS-polyacrylamide get electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes. The membranes were blocked with 3% nonfat milk buffer for 1 h at room temperature (23-26 C) and then incubated overnight at 4°C with the primary antibodies. After washing, the membranes were incubated for 1:5 h with appropriate secondary antibody-conjugated horseradish peroxidase. The protein bands were visualized using enhanced chemiluminescence (ECL) detection reagent (Thermo Fisher Scientific; 32106) and quantified using ImageJ 1.x software (Schneider et al. 2012) . GAPDH and Lamin B were used as internal or loading controls for TJ proteins and NF-jB, respectively. To compare p-ERK and total ERK, the same membrane was used after the stripping procedure as follows: the nitrocellulose membrane was placed in stripping buffer (1:875 mL of 1 M Tris-HCl (pH 6.7), 6 mL of 10% SDS, 0:210 mL of 14:2 M b-mercaptoethanol, and 21:915 mL of DW) for 30 min at 57°C with slight agitation. The membrane was washed three times for 5 min each with DW, followed by three times of tris-buffered saline with Tween 20 ® (TBST) washing for 10 min each. Next, the membrane was blocked and re-probed using the Western blotting procedure.
Evaluation of the Integrity of Tight Junction and Tight Junction Protein Expression by Immunofluorescence Microscopy
To evaluate the effect of Al on the expression of TJ proteins, immunofluorescence staining was conducted. The cells were grown in 24-well plates and treated with AlCl 3 (2 mM) for 24 h (n = 3 wells=group). The cells were fixed with 4% paraformaldehyde (PFA) for 15 min and permeabilized using PBS containing 0.1% Triton™ X-100 for 10 min. The cell monolayers were then blocked with a blocking buffer comprising 3% bovine serum albumin and 2% normal donkey serum for 1 h and then incubated with anti-occludin and anti-claudin-1 diluted in blocking buffer overnight at 4°C. After washing with PBS, the cells were incubated with DyLight™-488-conjugated anti-IgG for 1 h at room temperature (23-26 C). Next, the cells were washed with PBS followed by 4% PFA fixation. Images of cells were captured using a Nikon Eclipse Ts2R camera (Nikon).
Quantitative Assessment of Cellular Oxidative Stress
To determine Al-induced cellular reactive oxygen species (ROS) production, intracellular superoxide levels were measured using dihydroethidium (DHE; Invitrogen; D11347), staining as described previously (Han et al. 2013) . HT-29 cells were grown until 80% confluency on a cover glass in 6-well plates and treated with AlCl 3 (1, 2, and 4 mM) or PBS (control) for 3 h (n = 3 wells=group). Next, the cells were incubated in medium containing 1 lM DHE for 30 min, and then washed twice with cold PBS to terminate staining. The cells were fixed with 4% PFA solution in PBS and incubated for 10 min. The cells were then mounted with ProLong ® Gold antifade reagent containing DAPI to stain the nuclei. Superoxide produced by cells was determined using an Olympus IX71 fluorescence microscope, and the images were captured using an Olympus DP71 camera and DP controller software (version 2.2, DP2-BSW; Olympus Optical Co.). The DHE staining area (red fluorescence) was quantified using ImageJ software as described previously (National Institutes of Health) (Liu-Smith et al. 2016 ).
Nuclear Fractionation
To determine the level of NF-jB p65 translocation into the nuclei, nuclear fractionation was performed according to a previous study with some modifications (Scheinman and Avni 2009) . The cells were grown in 10-cm plates and then treated with AlCl 3 (1, 2, and 4 mM) for 6 h (n = 3 wells=group). The cells were lysed with hypotonic buffer [20 mM Tris (pH 7.4), 10 mM NaCl, 3 mM magnesium chloride (MgCl 2 ), 0:5 mM PMSF, and 1 mM sodium fluoride (NaF)]. After the addition of 10% Triton™-X 100, cell lysates were centrifuged at 4°C (650 × g, 10 min), and the supernatants were collected as the cytosolic fractions. The remaining pellets were resuspended in cell extraction buffer [10 mM Tris (pH 7.4), 2 mM sodium orthovanadate (Na 3 VO 4 ), 100 mM NaCl, 1% Triton™ X-100, 1 mM EDTA, 10% glycerol, 1 mM EGTA, 0.1% SDS, 0:5 mM PMSF, 1 mM NaF, and 20 mM tetrasodium pyrophosphate (Na 4 P 2 O 7 )]. The homogenates were then centrifuged at 4°C (14,000 × g, 20 min), and the supernatants were collected as the nuclear fractions.
Measurement of MMP Activity Using Gelatin Zymography
The activity of MMP was evaluated as described previously (Pushpakumar et al. 2013 ) with some modifications. The cells were starved with serum-free medium and treated with AlCl 3 (1, 2, and 4 mM) for 24 h (n = 3 wells=group). The conditioned medium was centrifuged at 4°C (650 × g, 10 min) to collect the supernatant. The concentration of proteins in the supernatant was measured using the BCA protein assay kit, and the samples were analyzed using 8% SDS-PAGE gel containing 0.2% gelatin as MMP-9 substrate. After electrophoresis, the gel was washed with washing buffer containing 2.5% Triton™ X-100 to remove SDS. The gel was then incubated overnight at 37°C in a reaction buffer solution containing Tris-HCl (40 mM), calcium chloride (CaCl 2 ; 5 mM), and sodium azide (NaN 3 ; 3 mM). The MMP-9 activity was then determined by negative staining with Coomassie brilliant blue (Sigma-Aldrich; B-0630).
Animals and Treatments
Seven-week-old C57BL6 male mice (20-25 g) and feed (5L79) were purchased from Orient Bio. The mice were housed (4 mice/ cage) with Beta Chip ® bedding (Northeastern Products) for 1 week under controlled temperature and humidity (20-24 C and 40-70%) conditions with 12 h light-dark cycles. Standard commercial mouse feed and DW were provided ad libitum. All experiments with mice were approved by the institutional animal care and use committee (IACUC) at the Ethics Committee of Konkuk University (Seoul, 
Gene
Primer sequence 5 0 -3 0 Republic of Korea; IACUC No. KU18165), and the mice were treated humanely. The mice were randomly grouped into control, AlCl 3 5 mg=kg BW, AlCl 3 25 mg=kg BW, and AlCl 3 50 mg=kg BW (n = 8 mice=group). The minimum animal dose of AlCl 3 (5 mg=kg BW) was chosen based on human dietary intake levels (JECFA, PTWI: 2 mg=kg BW), which was converted using a body surface area (BSA) normalization method (Reagan-Shaw et al. 2008) . Briefly, the minimum AlCl 3 dose (5 mg=kg BW) for mouse was calculated as follows: PTWI ðmg=kgÞ = Mouse dose ðmg=kgÞ × f½Mouse Km ð3Þ=½Human Km ð37Þg. The Km factor is the body weight (in kilograms) divided by BSA (in meters squared).
Accordingly, the weekly intake dose for mice was equal to the PTWI in humans. To represent a high level of human exposure, AlCl 3 concentrations of 25 and 50 mg=kg BW were used based on previous studies (Martinez et al. 2018; Sood et al. 2011) . AlCl 3 was diluted in DW and administered to mice via gavage for 13 weeks (5 d=week). Fresh AlCl 3 solutions adjusted to mouse weight were prepared weekly. Two days after the last administration of AlCl 3 , the mice were anesthetized by intraperitoneal injection of 2.5% tribromoethanol (Avertin; (Sigma; T48404) 0:5 mL=25 g), and the mouse colon was collected. The entire colon was removed and the colon length was measured. After the colon samples were rinsed with cold PBS to remove intestinal content, the colon weight was measured. Then, the colon weight and length were expressed as colon weight/length ratio (in grams per centimeter).
The colon tissues were then cut in three parts horizontally. The top and middle parts were preserved at −80 C for RT-PCR analysis and myeloperoxidase (MPO) activity assay, respectively. The bottom part was fixed in 10% formalin for histological examination.
Myeloperoxidase Activity Measurement
The colon tissue samples were homogenized in four volumes of MPO assay buffer (BioVision; K744-100) and centrifuged at 13,000 × g for 10 min at 4°C to remove insoluble material. The enzyme activity was then determined using a colorimetric assay kit (BioVision; K744-100) according to the manufacturer's instructions. The OD of the sample was measured at 450 nm using a spectrophotometer (BioTek Instruments).
Histological Examination
The colon tissue samples were fixed in 10% formalin overnight and embedded in paraffin. The paraffin sections were cut to 3:5 lm and de-waxed using xylene for histochemical staining. The sections were then stained with hematoxylin and eosin (H&E) and photographed using the Nikon Eclipse Ts2R camera (Nikon). Images of the stained tissues were evaluated by three independent investigators who were blinded to treatment information (C.H.J., S.K., and S.G.H.). Histological alteration was examined for inflammatory cell infiltration, epithelial changes, and mucosal architecture as main categories, as described previously (Erben et al. 2014 ). The inflammatory cell infiltration was evaluated for the following criteria: a) distribution in the lamina propria, b) the focal mucosal localization, and c) extension to subjacent layers such as the muscularis mucosa and submucosa. The following criteria were used for determination of epithelial changes: a) crypt abscesses, b) crypt hyperplasia, and c) loss of goblet cells, whereas the examination of mucosal architecture included the followed criteria: a) irregular crypts, b) crypt loss, and c) villous blunting.
Statistical Analysis
Data are presented as mean ± standard error of the mean (SEM). Statistical significance was determined using the one-way analysis of variance, independent two-sample t-test, and Tukey post hoc test. The tests were carried out using SPSS-PASW statistics software for Windows (version 18.0; SPSS). A p < 0:05 was considered to indicate statistically significant differences.
Results
Cell Viability of Al-Exposed Colorectal Epithelial Cells AlCl 3 at concentrations of up to 4 mM did not influence cell viability compared with that of the control (PBS) in the MTT assay (Figure 1) . The cells treated with AlCl 3 at higher concentrations (8-16 mM) showed a significantly lower cell viability than the control cells. Therefore, AlCl 3 concentrations of 1, 2, and 4 mM were selected for the subsequent analysis.
Effects of Al on Epithelial Barrier Integrity of Cells
TEER was measured in HT-29 cells to evaluate whether Al disrupted the monolayer integrity of cells. In cells treated with 2 mM AlCl 3 , the TEER values were lower by approximately 30% after 24 h, compared with that in the control (Figure 2A ). However, pretreatment of cells with NAC (5 mM, 1 h) or PD (20 lM, 1 h) recovered the TEER values (Figure 2A ). In addition, AlCl 3 (1-4 mM) significantly decreased the protein and mRNA levels of TJ components (occludin and claudin-1) in cells in a concentration-dependent manner ( Figure 2B,C) . Furthermore, the fluorescence microscopy images showed that the TJ proteins, such as occludin and claudin-1, were degraded and diffused in cells treated with AlCl 3 (2 mM, 24 h), compared with those in the control ( Figure 2D ).
Al-Induced Oxidative Stress in Cells
The treatment of cells with AlCl 3 increased cellular superoxide generation in a concentration-dependent manner (Figure 3) . AlCl 3 -treated cells produced a 38-fold higher level of intracellular ROS (AlCl 3 4 mM) than that of the control cells ( Figure 3B ).
Al-Induced Signaling Pathways in Cells
AlCl 3 -treated cells had higher levels of ERK phosphorylation and NF-jB nuclear expression than the control cells ( Figure 4A,B) . However, NAC (5 mM, 1 h) and AlCl 3 (2 mM, 1 h)-treated cells had significantly lower levels of ERK phosphorylation than 2 mM Figure 1 . Effects of AlCl 3 on the viability of HT-29 cells. The MTT assay was performed to determine the viability of cells. The cells were treated with different concentrations of AlCl 3 for 24 h (n = 4 wells=group). The values represent the mean ± SEM (n = 4); ** p < 0:01 and *** p < 0:01 indicates a significant difference vs. the control (PBS). Note: MTT, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide; PBS, phosphate buffered saline; SEM, standard error of the mean. AlCl 3 -treated cells ( Figure 4A ). To further confirm the involvement of ERK and NF-jB in Al-induced down-regulation of the TJ proteins, the cells were pretreated with pharmacological inhibitors of ERK (PD98059) or NF-jB (Bay 11-7082). Treatment with these inhibitors recovered the protein expression of occludin and claudin-1 down-regulated by Al exposure (2 mM) ( Figure 4C,D) .
To observe the role of MMPs and MLCK in Al-induced dysfunction of the epithelial barrier, the activity of MMP-9 and the mRNA expression of MMP-9 and MLCK were measured using gelatin zymography and RT-quantitative PCR (RT-qPCR). The treatment of cells with AlCl 3 increased the activity of MMP-9 ( Figure 5A ) and mRNA expression of MMP-9 and MLCK in a concentration-dependent manner ( Figure 5B ). Furthermore, to identify whether MMP-9 activation was controlled by NF-jB activation, the cells were pretreated with an NF-jB inhibitor (Bay). Inhibition of the NF-jB pathway reduced the Al-induced mRNA up-regulation of MMP-9 to the control level ( Figure 5C ).
Expression of Pro-Inflammatory Cytokines in Cells
In the present study, we measured the mRNA levels of inflammationassociated cytokines (TNF-a, IL-1b, and IL-6) by RT-qPCR. AlCl 3 -treated cells had a significantly higher mRNA expression of these cytokines than the control cells ( Figure 6 ).
Colonic Inflammation in Mice
To provide further evidence of Al toxicity in the intestinal epithelium, an animal study was conducted using C57BL6 mice. The BW of mice treated with 25 and 50 mg=kg BW Al decreased by 5% and 1.5% after 2 weeks, respectively ( Figure 7A) . Thereafter, the BW of all mouse groups showed an increasing trend for 13 weeks (Figure 7A ). Although the BW of all treatment groups increased, delayed weight gain was observed in a dose-dependent manner ( Figure 7A ). The mice administered higher levels of AlCl 3 (25 and 50 mg=kg BW) showed a lower BW gain despite no differences in feed intake (see Figure S1 ). Moreover, colonic MPO activity in AlCl 3 -treated mice was significantly higher than that of the control ( Figure 7B ). The mice administered AlCl 3 presented a significantly increased colon weight/length ratio compared with that of the control ( Figure 7C ). In addition, the length of the mouse colon in AlCl 3 -treated mice was shorter than that in the control ( Figure 7D ). Mouse colon samples were histologically examined by staining with H&E and observed using a microscope. AlCl 3 oral exposure induced crypt abscesses and hyperplasia, villous blunting, and inflammatory cell infiltration, which were not observed in the control (Figure 8A-C) . Importantly, lower dose of AlCl 3 (5 mg=kg BW) also induced the aforementioned general indicators of intestinal inflammation. In addition, AlCl 3 -treated mice had a significantly higher mRNA expression of inflammatory cytokines (TNF-a, IL-1b, and IL-6) in colon samples than that of the control mice (Figure 9 ).
Discussion
In the present study, the potential toxicity of Al was investigated in human colorectal epithelial cells and a mouse model. The results showed that Al exposure induced intestinal barrier dysfunction and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. (C) Gene expression of MMP-9 in cells pretreated with Bay (15 lM, 1 h), followed by AlCl 3 treatment (2 mM, 12 h) (n = 3 wells=group). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. The values represent the mean ± SEM (n = 3); * p < 0:05 and ** p < 0:01 indicates a significant difference vs. the control (PBS); † † p < 0:01 indicates a significant difference vs. AlCl 3 alone. Note: Bay, Bay11-7085; MLCK, myosin light-chain kinase; MMP, metallopeptidase; PBS, phosphate buffered saline; SEM, standard error of the mean. inflammation via the accumulation of ROS that caused oxidative stress, down-regulation of the TJ proteins, and production of inflammatory cytokines in human colorectal epithelial cells. Our findings also demonstrated that Al induced the expression of inflammatory cytokines and histological alterations such as crypt abscesses, crypt hyperplasia, villous blunting, and inflammatory cell infiltration in the colon of mice.
In order to evaluate the effects of Al in the intestinal tract, we used two different experimental settings, a cell culture and a mouse model. We employed the human colorectal epithelial cell line HT-29 to evaluate Al toxicity at the cellular level. Furthermore, to determine the toxicity of Al in the intestinal barrier, C57BL6 mice were exposed to Al by gavage for 13 weeks.
We observed that Al at concentrations of up to 4 mM did not affect the viability of HT-29 cells. We first evaluated Al influence on the integrity of the intestinal epithelium by TEER analysis. AlCl 3 -treated cells had a lower level of TEER than control cells, indicating that Al can disrupt intestinal barrier functions. AlCl 3 also significantly decreased the expression of the TJ proteins (occludin and claudin-1) in HT-29 cells. These TJ proteins are necessary for the formation of TJs that are essential for intestinal barrier functionality. The TJ is composed of multiple TJ protein complexes, forming sealing strands embedded between both plasma membrane of adjacent cells. By regulating the density of the sealing strands, epithelial paracellular permeation can be controlled (Gumbiner and Louvard 1985; Simons and Fuller 1985) . Hence, the TJ proteins play a critical role in preventing the permeation of hazardous substances, such as toxins and pathogens, into the intestinal epithelium (Lee 2015) . Occludin, which was the first identified integral membrane protein in TJ structure, is particularly important for the regulation of intestinal epithelium permeability (Al-Sadi et al. 2011; Furuse et al. 1993) . Along with occludin, claudin family proteins are key components of TJ structure, especially claudin-1, which can initiate TJ strand formation (Furuse et al. 1998; Landy et al. 2016) . Therefore, down-regulation of these TJ proteins can disrupt the structural integrity of TJs, reducing their regulation of permeability, and thus, resulting in multiple intestinal diseases such as IBD (Edelblum and Turner 2009 ) and celiac disease (Khaleghi et al. 2016 ).
Next, we investigated the underlying cellular mechanisms of Al-induced TJ dysfunction. Previous studies in HT-29 cells (Jeong et al. 2017) and Caco-2 cells (N Wang et al. 2016 ) showed that oxidative stress was closely associated with a dysfunctional epithelial barrier. Our findings revealed that Al increased cellular ROS generation and disrupted intestinal epithelial integrity in HT-29 cells. Excessive oxidative stress in the gastrointestinal tract led to inhibition of the intracellular electron transport chain, . Gene expression of TNF-a, IL-1b, and IL-6 in AlCl 3 -treated mouse colon tissue sample. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. The values represent the mean ± SEM (n = 6-8); * p < 0:05, ** p < 0:01, and *** p < 0:001 indicate a significant difference vs. the control (DW). Note: DW, deionized water; IL, interleukin; TNF, tumor necrosis factor. reduction in ATP production, and damage of DNA in the mitochondria of epithelial cells (Kowluru and Mishra 2015) . This damage to the mitochondria resulted in intestinal epithelial dysfunction in mice (Berger et al. 2016) . Moreover, Al-mediated ROS generation activated the ERK and NF-jB pathways in our study. These intracellular signaling molecules have been reported to be activated during disruption of junctional integrity (Berzal et al. 2015) . Particularly, the increased activity of NF-jB may promote MMP-9 gene expression. To support this, Rangaswami et al. (2004) showed that there is an NF-jB binding site in the promoter region of the MMP gene in mouse melanoma cells (Rangaswami et al. 2004) . According to a previous study, MMP-9 increased MLCK expression in C57BL/6 mice with dextran sulfate sodium (DSS)-induced intestinal inflammation (Nighot et al. 2015) . In addition, in our study AlCl 3 -treated cells had higher levels of MMP-9 and MLCK gene expression than control cells. A previous study using Caco-2 cells showed that increased MLCK plays a critical role in the dysfunction of the intestinal epithelial barrier by mediating perijunctional actomyosin interactions (Ma et al. 2000) . In addition, in our study AlCl 3 significantly increased the production of inflammatory cytokines (TNF-a, IL-1b, and IL-6) in cells, which, in turn, can continually induce damage in intestinal epithelial cells via autocrine/paracrine action (Chen et al. 2015) .
The dose of AlCl 3 (5 mg=kg BW) used in the animal experiments was selected based on the PTWI (2 mg=kg BW) established by the JECFA, which was translated from humans to animals using the BSA normalization method (Reagan-Shaw et al. 2008) . This is because BSA accurately reflects some biological parameters in several mammalian species such as oxygen utilization rate, total blood volume, basal metabolism, calories burned, renal functions, and circulating plasma proteins (Reagan-Shaw et al. 2008) . In a previous study, Al concentration (1:5 mg=kg BW) without BSA normalization did not directly induce an inflammatory response but, rather, exacerbated DSS-induced colitis in the mouse colon (Pineton de Chambrun et al. 2014 ). Thus, we hypothesized that AlCl 3 concentration (5 mg=kg BW) based on BSA normalization may more accurately portray the potential risks to human intestinal health. In addition, mice were administered with higher doses of AlCl 3 (25 and 50 mg=kg BW) to observe dose-response relationships. These mice showed a lower BW gain than control mice despite no differences in feed intake. It has been reported that mice administered DSS showed ulcerative colitis, which resulted in lower feed efficiency (Bitzer et al. 2016) . Our data suggest that higher doses of Al induced inflammatory responses in the mouse colon such as ulcerative colitis, which resulted in lower feed efficiency and weight gain. In fact, our data confirmed that there are inflammatory responses such as the expression of pro-inflammatory cytokines in the mouse colon due to AlCl 3 exposure.
In mice administered AlCl 3 , pathological changes were induced, including an increase in the colon weight/length ratio and MPO activity, up-regulation of inflammatory cytokines, and histological alteration in the mouse colon. Importantly, the lower dose of Al (5 mg=kg BW) also resulted in these inflammatory responses and pathological changes. Our data suggest that exposure of humans to Al within human dietary intake levels set by the JECFA can induce inflammatory and pathological responses in the intestinal epithelium after subchronic exposure. Indeed, these pathological characteristics have also been observed in human intestinal diseases such as IBD. Similar to our histological findings, patients with IBD have distorted crypt architecture, decreased crypt density, and increased inflammatory cells in crypt abscesses (Geboes 2001; Jenkins et al. 1997 ). However, in recent studies, chronic exposure to Al has been shown to be associated with different human diseases, including osteomalacia (Klein 2019) and AD (Z Wang et al. 2016) . This indicates that Al might be associated with multiple human diseases. Further studies regarding Al exposure and the etiology of intestinal diseases are necessary.
Our data included both inflammatory responses of human colorectal cells in response to AlCl 3 exposure and the histopathological results in the mouse colon after subchronic oral administration of AlCl 3 . Researchers have reported data about Al toxicity in the intestine. In vitro studies using HT-29 cells, Yu et al. (2016) found a lower expression of TJ proteins (e.g., ZO-1, occludin, claudin-1) and a higher level of oxidative stress when exposed to 4 mM Al ion than that of the control (Yu et al. 2016) . Although their end points such as oxidative stress and TJ proteins are similar to those observed in our study, there was a lack of underlying mechanisms mediating Al toxicity within cells. In addition, Yu et al. (2016) selected only one high dose of Al ion (i.e., 4 mM), whereas our study provided a concentration-response relationship in the inflammatory process at concentrations of 1-4 mM AlCl 3 . In another study using HT-29 cells, Djouina et al. (2016) focused on cell viability and the underlying mechanism (Djouina et al. 2016) . They reported that 100-200 lg=mL (0:82-1:64 mM) AlPO 4 induced cell cycle arrest, apoptosis, and ROS generation. Some researchers have reported Al toxicity in the small intestine of rats. Bulan et al. (2015) showed that chronic exposure of aluminum sulfate induced degenerative tissue changes and oxidative parameters in the small intestine (Bulan et al. 2015) . In this study, rats were injected intraperitoneally with 5 mg=kg aluminum sulfate [Al 2 ðSO 4 Þ 3 ]. Because this is not a major route of Al exposure, their data from the small intestine samples provide only limited information. In another study, subchronic oral administration of AlCl 3 (50 mg=kg) to rats caused histopathological changes in the small intestine (Al-Qayim and Saadoon 2013). This study used H&E-stained sections without further biochemical analysis. In fact, these two studies focused more on the protective effects of melatonin and propolis against Al toxicity in the small intestine. They employed only a single dose of Al. Although further studies may be warranted using Al with different chemical forms, our study provided more robust and comprehensive data about the effects of Al in the intestine in comparison with these previous studies. Our data provided evidence about Al-induced cellular and molecular changes that led to epithelial barrier dysfunction and inflammatory responses in the colon, particularly administering a low dose of AlCl 3 to mice.
In conclusion, our results suggest that Al exposure can lead to a dysfunctional epithelial barrier and inflammatory response in colorectal epithelial cells by generating oxidative stress, activating ERK and NF-jB, increasing MMP and MLCK, and producing pro-inflammatory cytokines. Furthermore, the results of our animal study indicate that Al is a potential risk factor for inflammatory diseases in the colon.
